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Abstract
He atom scattering has been shown to be a sensitive probe of electron-phonon interaction prop-
erties at surfaces. Here it is shown that measurements of the thermal attenuation of the specular
He atom diffraction peak (the Debye-Waller effect) can determine the electron-phonon coupling
constant λ for ultrathin films of metal overlayers on various close-packed metal substrates. Values
of λ obtained for single and multiple monolayers of alkali metals, and for Pb layers on Cu(111),
extrapolated to large thicknesses, agree favorably with known bulk values. This demonstrates
that He atom scattering can measure the electron-phonon coupling strength as a function of film
thickness on a layer-by-layer basis.
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Atom scattering at low energies has a long history as a useful probe of surface prop-
erties.1–3 The most common atomic projectiles are He atoms formed into a monoenergetic
beam directed toward the surface with energies in the thermal range, meaning kinetic en-
ergies less than 100 meV. From ordered surfaces the scattered spectra consist of sharp
diffraction peaks and a background which is composed of both elastically and inelastically
reflected particles. In such experiments measurements of elastic diffraction in the scattered
spectra give information on surface structure and order. The elastic part of the diffuse
intensity scattered continuously over all outgoing angles provides information on disorder
such as steps, defects and adsorbates on the surface.4 Energy-resolved measurements of the
inelastic spectra reveal surface phonon modes5 as well as localized modes of adsorbates and
adsorbate layers.6 Among other features that have been measured are the cross sections of
adsorbates and defects,7 as well as layer-by-layer crystal growth.8
A unique feature of low energy He atom scattering (HAS) is that the atoms scatter, not
from the atomic cores of the target surface, but from the rarefied density of electron states
whose wave functions extend outward in front of the outermost layer of surface atoms. Thus,
the scattered atoms sense the structure and phonon vibrations of the surface atomic cores
only through their contributions to the electron density outside (roughly about 3 A˚) above
the terminal surface layer. For this reason atom-surface scattering has been demonstrated
to be a sensitive probe of the electron-phonon interaction, in metals9 as well as in semimet-
als with electron and hole pockets at the Fermi level.10–13 Inelastic He atom scattering has
been shown to be proportional to the mode-selected components of the electron-phonon
coupling constant λ. For metal crystal surfaces, inelastic scattering can even detect surface
modes for which the largest core displacement amplitudes are located several layers beneath
the outermost terminal layer, a property that has been called the quantum sonar effect.9
The Debye-Waller factor, which describes the thermal attenuation of all quantum scattering
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features (diffraction, diffuse elastic intensity, and inelastic intensities) has been shown to
depend in a straightforward manner on the electron-phonon coupling constant λ.14,16 Re-
cently, Tamtoegl et al.15 have proved with state-of-the-art 3He-spin echo experiments that
the method reported in Ref.14 can be extended to the important case of surface quantum-well
and Dirac states in topological insulators.
In this Letter we examine experimental studies, using He atoms as probes, of layer-by-
layer growth of ordered metallic monolayers on close-packed metal substrates. Such experi-
ments typically monitor the intensity of the specular beam, or a different diffraction peak,
under conditions of continuous deposition of the metal of interest, and as each additional
layer is completed the intensity reaches a maximum, with intervening minima occurring ap-
proximately at half-layer coverage. We demonstrate here that these oscillations in intensity,
as well as measurements of the Debye-Waller factor on completed layers, can be used to
extract values of λ associated with individual layer thicknesses. This means that the evalua-
tion of λ as a function of the thickness of the metallic overlayer can be measured by He atom
scattering on a layer-by-layer basis. Such knowledge of the electron-phonon interaction near
a surface is important for understanding adsorption, chemisorption and chemical reactions
at surfaces, and is certainly important in predicting surface superconductivity.
The Debye-Waller (DW) factor associated with a diffraction peak of intensity I(T ) is
expressed as I(T ) = I0 exp[−2W (kf ,ki;T )] where I0 is its intensity for a frozen surface,
2W (kf ,ki;T ) is the DW exponent, T is the surface temperature, and kf and ki are the
final and initial He atom wavevectors. In a harmonically vibrating crystal at sufficiently
large temperature 2W is linearly proportional to T . At temperatures well below the Debye
temperature the DW factor saturates to a value less than one and independent of T as a
consequence of zero point motion. Thus, I0 is the extrapolation of the intensity in the linear
region of 2W back to T = 0.
It has recently been shown that the electron-phonon coupling strength (or mass enhance-
ment factor) λ in the case of conducting surfaces can be obtained from a temperature
dependent measure of the DW factor of the specular diffraction peak, in the region where
2W is linear, according to the relation14,16
2W (kf ,ki;T ) ∼= 4N (EF )
mEiz
m∗eφ
λ kBT , (1)
where φ is the work function, m∗e is the effective electron mass, m is the mass of the He atom,
3
kB is the Boltzmann constant, and N (EF ) is the effective electron density of states (DOS)
at the Fermi level referred to the surface unit cell and includes only those states which cause
a surface charge density oscillation as a consequence of the thermal vibrational motion of
the cores. The energy Eiz = Ei cos
2(θi) = ~
2k2iz/2m is the incident energy associated with
motion normal to the surface for the given incident angle θi. In general usage Eiz is often
corrected by the Beeby correction17 in which the normal energy is enhanced by the depth D
of the attractive adsorption well according to E ′iz = Eiz +D. However, for the alkali metals
considered here this has a negligible effect because the well is very shallow, for example the
Zaremba and Kohn physisorption theory18 gives for the 4He-Cs surface potential D = 0.36
meV, resulting from the sum of the lowest bound state energy |E0| = 0.13 meV and the
zero-point energy of 2.3 meV.
Bulk electronic properties of alkali metals can often be approximated as those of a free
electron gas, and He atom scattering gives evidence that near the surface the electrons may
also be approximated by a free electron gas. The evidence is that He atom scattering from
all alkali surfaces thus studied exhibits only a specular diffraction peak and that all other
diffraction peaks have negligible intensity. This implies that the electronic density near the
surface is very smooth, and justifies the use here of a free electron gas DOS for the region
near the surface of alkali metals. Alkali metal crystals have body centered cubic (BCC)
structure, and this holds true in the layer-by-layer growth. For all of the alkali metals
studied here the layer-by-layer growth builds up also with a BCC structure regardless of the
crystal structure or crystalline face orientation of the growth substrate.
An example of the alkali atom experiments is exhibited in Fig. 1 a) which shows, for
potassium overlayers on Ni(001), the specular He atom scattering Debye-Waller exponent
ln[I(T )/I0] is a nearly linear function of T at small monolayer (ML) numbers
19. Interestingly,
the slope increases linearly with ML number n for small ML numbers as shown in Fig. 1 b)
in terms of the dimensionless quantity α defined below in Eq. (2), but eventually the slope
saturates for ML numbers greater than nsat. In this case it is for ML number nsat = 5. For
thicker films, which for K(110)/Ni(111) were measured up to n > 10, the slope remains the
same and may be regarded as that of semi-infinite K(110).
The density of states for a two-dimensional nearly free electron gas is given by m∗e/π~
2.
The experimentally observed linear behavior exhibited by successive layers of K in Fig. 1b) at
small ML numbers strongly suggests that in this region each monolayer contributes indepen-
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FIG. 1: a) The HAS specular reflectivity as a function of the surface temperature, normalized to
the extrapolated T = 0 value, for 2, 3, 5 and 10 ML films of K(110) on Ni(111) (adapted from
ref.19). This is plotted on a logarithmic scale in order to show the approximate linearity of the
Debye-Waller exponent with temperature. Data from ref.19 b) The average logarithmic slope of
I(T )/I0, expressed by the dimensionless constant α of Eq. (2), increases linearly (full line) with
the film thickness up to saturation at n = nsat = 6. The broken line is an analytical fit (see text).
dently to the density of states at the Fermi surface. Theoretical support of this supposition
comes from recent calculations of the band structure of free-standing thin films of alkali
metals.20 The DOS can be calculated readily from the band structure. As an example, for a
free standing film of up to 11 layers of Cs the band structure shows one parabolic quasi-free
electron band per layer, each one contributing the same Fermi level DOS per unit surface
area equal to m∗e/π~
2.20
This linear increase of the DW slopes shown in Fig. 1b) implies that in Eq. (1) one should
use N (EF ) = min(n, nsat)m
∗
eac/π~
2 to indicate that in a 2D electron gas representation the
layers deeper than n = nsat do not contribute to the electron-phonon interaction as probed
by He atoms at the surface. Then λ derived from Eq. (1) for any thickness n becomes
λHAS =
π
2n
α ; α ≡
φ ln[I(T1)/I(T2)]
ack2izkB(T2 − T1)
, n ≡ min(n, nsat) , (2)
where the index n is used to indicate that the measured specular intensities refer to a
film of arbitrary thickness n. Here ac is the area of the surface unit cell and T1 and T2
are any two temperatures in the region where 2W (kf ,ki;T ) is linear in T . Because the
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FIG. 2: Similar to Fig. 1, but for Cs(110) films on Cu(111). Data from ref.19.
dimensionless function α, derived from the HAS data and plotted in Fig. 1b), initially grows
linearly with n, λ consequently has about the same value for n ≤ nsat = 6. The average
over the three (n = 2, 3, 5) films produces the value λHAS = 0.16 ± 0.02. The actual
dependence of α and n can be estimated by considering that the thermal vibrations of deep
layers, inducing the surface charge density fluctuations measured by HAS, rapidly decay for
increasing n. A Gaussian approach of α to saturation like α = αsat(1 − exp (−n2/n2sat))
with αsat = 2λHASnsat/π is suggested (broken line in Fig. 1 (b)); at n = nsat, this yields
λHAS = 0.146, consistent with the above average value.
After saturation, i.e., for n > 6 for the present case of potassium, the slope of the Debye-
Waller plot no longer depends on the number of monolayers so it is appropriate to use in
Eq. (1) the DOS for a free electron gas, N (EF ) = 3Zm∗e/~
2k2F , where Z is the number of
electrons provided by each substrate metal atom and kF is the Fermi wave vector. Using
Z = 1 and 0.27 A˚−1 for kF
21 one obtains the same value as found above for n ≤ nsat, i.e.,
λHAS = 0.16, which compares favorably with the known tabulated bulk values which range
from 0.1122 to 0.13±0.0423.
Similar measurements have been made for Cs(110)/Cu(111) as shown in Fig. 2. It is
seen that for this system saturation also begins after nsat = 4. In this case the value of
λHAS produced by the first three layers turns out to be 0.22, if φ = 2.14 eV is used from
Michaelsons compilation24 or 0.18 if we take φ = 1.81 eV as found in the more recent
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compilation by Kiejna and Wojciechowski.25 It should be noted that the work function is
known to vary in thin films as a function of thickness26. Its oscillations are however small
as compared to the present level of accuracy, and will be considered only in presence of
important quantum size effects, as discussed below for Pb films, while for alkali films the
bulk values of φ are considered a sufficient approximation. At saturation for n > 4, again
using the three-dimensional free electron DOS in Eq. (1), the value produced is also 0.18
(0.15) which compares favorably with the tabulated bulk values of 0.1523 and 0.16.22 The
values of λHAS for n ≤ nsat for these and all the other alkali metal systems studied here,
together with more details, are contained in Table I. The ability to study Cs with He atom
scattering is interesting as it is one of the few elements that is difficult to study in the bulk
with neutron scattering because of the very high neutron capture cross section of the Cs
nucleus. He atom scattering at a Cs surface is not hampered by such problems.
In addition to Debye-Waller plots such as Figs. 1a) and 2a) another important type of
measurement which is often carried out is the monitoring of layer-by-layer growth from
oscillations in the specular intensity as a function of deposition time, taken at a fixed tem-
perature. An example of Li(110) monolayers deposited on a W(110) substrate at T = 80
K and Ei = 37 meV is shown in Fig. 3. Such measurements provide another method for
obtaining the λ value for n ≤ nsat by comparing intensities of the oscillation maxima (which
occur at full ML coverage) for different ML numbers. Again, this possibility depends on the
known linear behavior in temperature of the logarithmic Debye-Waller plots. To show this
consider comparing the intensity maxima for the n and n+ ℓ monolayers (with both n and
n+ℓ < nsat) denoted by In(T ) and In+ℓ(T ), respectively. In general, if layer-by-layer growth
plots such as Fig. 3 are carried out at two different temperatures T1 and T2, with both of
these temperatures within the range over which the DW plots are linear in T , Eq. (2) can
be expanded to produce a value of λ from the following combination
λ =
(n+ ℓ)λ− nλ
ℓ
=
πφ
2ℓack2izkB(T2 − T1)
[
ln
(
In+ℓ(T1)
In+ℓ(T2)
)
− ln
(
In(T1)
In(T2)
)]
=
πφ
2ℓack2izkB(T2 − T1)
[
ln
(
In+ℓ(T1)
In(T1)
)
− ln
(
In+ℓ(T2)
In(T2)
)]
, (3)
provided that n + 1 ≤ nsat and ℓ+ n ≤ nsat.
An even simpler expression can be obtained upon recognizing that the extrapolation of
the specular intensity to T = 0 becomes independent of layer number, or can be normalized
to the same value as shown in Figs. 1 and 2. Thus, if the intensity at T1 is taken to be that
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FIG. 3: a) Specular He atom scattering intensity as a function of deposition time (proportional
to coverage) for Li(110) deposited on a W(110) substrate (from Ref.27). The ML numbers are
indicated. The specular intensity saturates above n = 8. In this system there is a small maximum
at 0.5 coverage, while the monolayer at n = 1 is rather disordered because of the conflicting
periodicities of W(110) and the Li (110) layer. Measurements on annealed samples (red lozenges)
give substantially larger specular intensities due to defect bleaching, yielding however about the
same λ. b) The growth of Pb films on Cu(111), here shown for comparison and observed at two
different He incident energies, shows a similar decay of the specular intensity for increasing layer
number (though with oscillations due to the quantum size effect29), with the formation of a wetting
layer at n = 1, a disordered second layer, followed by a regular growth for n ≥ 3 and saturation at
n = 9 (from ref. 33).
obtained by extrapolation to T −→ 0, Eq. (3) simplifies to
λ =
πφ
2ℓack2izkBT
ln
(
In(T )
In+ℓ(T )
)
, (4)
as long as the temperature T is within the region for which 2W is linear in T . A distinct
advantage of using the layer-by-layer growth methods of either Eq. (3) or (4) is that even if
the growth curve is measured at only a single temperature, such as the case for Li(110) in
Fig. 3, all combinations of two different peaks provide distinct values of λ, and this gives
sufficient numbers of values for which a standard deviation of error can be evaluated. If
the growth plots are carried out at two or more different temperatures, such as the case for
Rb(110)/Ni(001) in Fig. 4a), Eq. (3) can be used and this provides even greater numbers of
distinct values for λ.
The HAS specular intensity patterns for Li(110) on a W(110) substrate of Fig. 3a) and
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Na(110)/Cu(001) in Fig. 4 b), both deposited at a temperature of 80 K, show saturation
behavior. For Li(110)/W(110) the saturation occurs after n = 8 and using Eq. (4) the
average over n = 2 −→ 8 gives λHAS = 0.54 ± 0.08, while the more restricted average over
n = 2 −→ 5 gives λHAS = 0.47±0.11. By comparison the bulk value ranges from λ = 0.3522
to 0.4023. The derivation of λ from the growth slope could be misleading because the
contribution of the e-ph interaction could be obliterated by that because of the accumulation
of defects. This is not so however. The available data on the specular intensities of annealed
5 and 7 ML Li(110) films on W(110) (red lozenges in Fig. 3 a))27 , where defects are
nominally absent, yield λHAS = 0.46±0.05, in close agreement with the values obtained from
the growth slopes. This suggests that the contributions of defects and e-ph interaction to
the reduction of the specular intensity with increasing n are proportional before saturation,
so that the formation of defects has no effect on the intensity ratios of Eqs. (3) and (4).
The pattern of Na(110) growth in Fig. 4 suggests a very regular growth, and the average
over n = 2 −→ 4 gives λHAS = 0.17 ± 0.03 as compared to 0.16 for bulk Na
23 and 0.24 for
the surface of a Na quantum well.28 Such a regularity is apparently a property of simple
metals. For comparison the layer-by-layer growth of Pb films on Cu(111) (Fig. 3 b)) shows
an oscillating decay of the He specular scattering which has been ascribed to the quantum
size effect (QSE)29. Nevertheless there is a clear saturation at n = 9, which allows to derive
from the interval n = 3 → 9 and for Ei = 15.2 meV (Fig. 3 b)) a mass-enhancement
factor λHAS = 1.18. There are however some oscillations of λHAS when referred to different
intervals: e.g., with Ei = 15.2 meV and for n = 3 → 8 it is found λHAS = 0.93 while for
n = 3→ 7 it is λHAS = 1.10; on the other hand for Ei = 22.0 meV and n = 3→ 7 one finds
λHAS = 0.90 (see Table I). As shown below the QSE causes oscillations of λHAS with the
film thickness.
With regards to Rb(110)/Ni(001) in Fig. 4a) λHAS can be derived from the DW tem-
perature dependence over the range of n = 2 − 5 and for the two different temperatures of
50 and 90 K using both Eqs. (3) and (4). The average is λHAS = 0.19 ± 0.06 as compared
with the standard bulk value of 0.15.22 This bulk value is smaller, and also smaller than the
values extracted via Eq. (3) from the DW plot slopes30 for n > 2 which are 0.19 at 50 K and
0.22 at 90 K. This suggests that a non-negligible contribution to the decrease of the specular
intensity comes from the increase of defects with temperature, as indicated also by the small
layer-by-layer oscillations. On the other hand the lack of large oscillations, ostensibly due to
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defects, does not seem to affect the value of λHAS which encompasses the electron-phonon
interaction of the whole film as probed by HAS.
It is important to point out another advantage of obtaining λ from the layer-by-layer
growth plots, which is that effects due to disorder and defects tend to cancel. This can be
seen from the first line of Eq. (3); if at T1 and T2 the additional attenuation of the n-th and
n + ℓ-th peaks due to static disorder is identical, then it cancels. This is evident because
the attenuating effect of disorder is usually expressed as a multiplicative factor (sometimes
called a characteristic function31) applied to each diffraction peak, regardless of whether the
disorder is due to small displacements of the surface or due to defects, and in the intensity
ratios appearing in Eq. (3) or (4), such factors cancel. Clearly in the growth spectra such
as in Figs. 3 and 4 both disorder and changes in the electron-phonon interaction must
play a role in the fact that the layer-by-layer peaks gradually become less pronounced. In
some cases the specular intensity reaches a nonzero saturation value, such as for Li(110) in
Fig. 3 or Na(110) in Fig. 4b), while in other cases the specular intensity appears to continue
decreasing with large coverage such as for Rb at T = 90 K in Fig. 4. For the systems which
exhibit this saturation behavior with coverage it appears reasonable to assume that disorder
attenuation is less important and the gradual disappearance of the layer-by-layer peaks is
indicative of the influence of the electron-phonon interaction. For the systems that do not
exhibit such saturation with coverage the disorder due to defects in the growing overlayer
is surely playing a much larger role, but these systems are still amenable to analysis using
Eq. (3) or (4) because, as mentioned above, the effects of disorder tend to cancel out of the
ratios of the specular intensity for the same n taken at two different temperatures.
The comparatively simple physics concerning the electron-phonon interaction in alkali
ultrathin films cannot be straightforwardly extended to other metals such as, for example,
lead. The evolution of the HAS specular peak intensity of Pb(111) ultrathin films has been
extensively studied as a function of thickness in the layer-by-layer growth regime at differ-
ent temperatures29,33,34. Pb films grown on Cu(111) have in common with the alkali films
discussed above the fact of being considerably softer than the substrate, which practically
restricts the phonon spectrum involved in electron-phonon interaction to that of the film on
a rigid substrate9. However the HAS normalized specular intensity of Pb films measured
during growth as a function of thickness at three different temperatures shown in Fig. 5a)
exhibits, over a range up to about 30 Pb layers, rapid oscillations indicating a bilayer-like
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FIG. 4: a) Similar to Fig. 3 but for Rb(110) monolayers on a Ni(001) substrate, showing mea-
surements at two different temperatures of 50 and 90 K as marked. From ref.32 b) For Na(110)
monolayers on a Cu(001) substrate at T = 80 K, showing clear saturation behavior. From ref.30.
growth. These growth peaks are further modulated by an envelope of longer-period os-
cillations, having a length of about 8 layers, which have been convincingly interpreted as
quantum size effects29. The comparatively large interlayer distance contraction affecting the
topmost bilayer35,36 causes the split-off of a surface phonon branch above the bulk phonon
spectrum. This explains the bilayer growth mode and suggests that the oscillations of the
HAS DW exponent essentially depend on those of the top bilayer 2D electron gas as induced
by phonons of the entire film. In this case, an examination of the logarithmic DW plots,
similar to Figs. 1 and 2 above, using the three available temperatures of Fig. 5a) indicates
that nsat = 9 is a reasonable approximation.
The values of λHAS derived from Eq. (3) for the three temperatures of Fig. 5a) are plotted,
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as a function of the nominal thickness layer number n, as filled diamond points connected
by solid lines in Fig. 5b). Values of the work function are taken from measurements of φ as
a function of Pb layer thickness n on a Si(111) substrate26. Meaningful values start from
n = 3, because the first monolayer of Pb on Cu(111) actually plays the role of a wetting
layer, and the second ML film is disordered29,34. However, the value of λHAS extracted from
the n = 1 wetting layer is shown as an isolated diamond marked as “wl”. The vertical
bar represents the standard deviation uncertainty. No Beeby correction for the well depth
was made in the calculations, but energy dependent measurements of the specular intensity
indicate that this is a reasonable approximation as discussed below.
The form of Eq. (1) above makes it clear that λHAS can also be obtained from measure-
ments of the DW exponent 2W (Eiz, T ) at fixed temperature, but for two different incident
energies. However, such measurements require a correction for the change in intensity of the
incident beam as a function of energy. In a series of independent measurements this problem
was addressed by changing the source temperature at constant pressure, in which case the
supersonic beam flux to a good approximation varies inversely in proportion to ki.
33 For
such a measurement at two different energies the mass enhancement factor λHAS is again
given by Eq. (2) with the modification that the intensity must be corrected by a factor of
ki and α is replaced by
α =
φ
ackBT
∆ ln[kiI(Eiz, T ))]
∆k2iz
, (5)
where ∆ ln[kiI(Eiz, T ))] and ∆k
2
iz are the differences between the respecitve quantities at the
two incident energies. Measurements of growth curves of Pb on Cu(111) ) made at T = 100
K and two incident energies with wavevectors of 5.4 and 6.5 A˚−1 (Fig. 3 b)) show bilayer
growth of up to n > 10 for the lower energy and n = 7 for the larger energy33. Plotted in
Fig. 5b) as downward-pointing triangles are the values of λHAS extracted from this data, and
the values are found to be in excellent agreement with those obtained from the temperature
dependence at fixed incident energy. It is important to note that the possible dependence
on the physisorption well depth D through a Beeby correction cancels out in the energy
difference ∆k2iz of Eq. (5). Thus the good agreement between the energy-dependent and
temperature-dependent results shown in Fig. 5b) indicates that the Beeby correction for the
well depth is unimportant in these Pb layer systems, and also indicates that the incident
beam intensity correction for the energy is a reasonable approximation.
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In Fig. 5b) the isolated point at n = 5 marked with a cross is from the single mea-
surement of the incident energy dependence of the DW exponent taken during the same
experiment in which the temperature-dependent data were obtained.34 The agreement with
the temperature-dependent measurements is quite good.
These extracted λHAS values are compared in Fig. 5b) with previous measured values
for thick films of 15 to 24 layers using angle-resolved photoemission spectroscopy (ARPES)
which lie in the range 0.7 - 1.0538 as shown as upward-pointing triangles connected by dash-
dotted lines. Also shown as filled circle points are values for thin films calculated using
density functional perturbation theory9, and older bulk values in the literature which range
from 1.12 to 1.68.22,23 It is interesting to note that density functional theory calculations for
free-standing films (4-10 ML) by Sklyadneva et al.39 yield values of λ oscillating between 1.1
and 1.3 without spin-orbit interaction, while its inclusion raises λ to within 1.5 and 2.0, with
more prominent quantum-size oscillations. Although the latter results do not agree so well
with the present values of λHAS, they reveal the relevant contribution to electron-phonon
interaction of spin-orbit interaction.
It is important to note that in Table I the values of λHAS, directly derived from exper-
iment with no specification besides the layer number, the film work function, the surface
atom density and the He atom incident momentum, are compared to available bulk values of
λ, either obtained from other experimental methods or theoretically. For alkali films (except
Na) λHAS turns out to be systematically larger than the bulk λ by more than 20 %. There
are different reasons for that worth being elucidated with new HAS experiments and a theo-
retical refinement. The first possible reason is the intrinsic enhancement of e-ph interaction
expected at metals.40 In supported films λ may also differ from the surface value for the
corresponding semi-infinite crystal due to different electronic structure and lattice dynamics
of the substrate. In comparing the measured λHAS with bulk values it is implicitily assumed
that the substrate is inert, in the sense that its vibrations are sufficiently decoupled from
those of the film so as to be unable to modulate the film surface charge density probed by
HAS, and its Fermi level electronic states do not contribute appreciably to the surface charge
density. This assumption is likely to work well for alkali films, whereas for a few MLs of Pb
films on Cu recent embedded atom calculations including the substrate dynamics41 reveal
13
FIG. 5: a) Bilayer-by-bilayer growth curves for Pb(111) deposited on Cu(111) at temperatures of
140, 210 and 250 K as measured with HAS at the incident energy of 5.97 meV29,34. b) Values of
λHAS extracted from the growth curves shown in panel a) (filled diamonds connected by a solid
line). The isolated diamond at n = 1 marked “wl” is from the wetting layer. The downward-
pointing filled triangles at small n are values of λHAS extracted from the energy dependence of
the Debye-Waller factor (Fig. 3 b))33. The point marked by a cross is from energy dependent
measurements made at n = 5 taken in conjunction with the temperature-dependent data.34 Values
of λ calculated with density functional perturbation theory for thin films are shown as filled circles
connected by a dashed line9. The upward-pointing triangles connected by dash-dotted lines are
ARPES measurements.38 A collection of values for bulk lead taken from the literature22,23 (full
circles at n→∞) are shown for comparison.
changes with respect to rigid-substrate calculations, especially for the polarization of the
interface phonon which plays a relevant role in quasi-2D superconductivity of Pb ultrathin
films9; the fact that in the case of Pb films on Cu the substrate λ is much smaller than that
of the film may compensate the surface enhancement effect.
Finally, the values of λHAS derived from the reflectivity of growing films, Eq. (4), may be
affected by a positive systematic error due to the increasing number of steps during growth,
14
TABLE I: The mass enhancement factor λHAS derived from the specular intensities of HAS
experiments on alkali metal and Pb layers deposited on different close packed metal substrates.
Also shown are the relevant experimental parameters as well as values of λ from other sources as
cited. The brackets 〈〉 signify an average taken over all n specular maxima in the layer-by-layer
growth spectra subject to n ≤ nsat.
Growing 〈ln [In/In+1]〉 T k
2
iz φ n λHAS λ (other
layers [K] [A˚
−2
] [eV] n ≤ nsat sources)
Li(110)/ 0.261 80 34.9 2.3237 2-5 0.47 ± 0.11 0.4023
W(110)27 110 22.3 5-7 0.46 ± 0.05 0.3522
Na(110)/ 0.119 80 35.9 2.7524 2-4 0.17 ± 0.03 0.1623
Cu(001)32 0.2428
K(110)/ 0.206 100 27.1 2.3024 2-6 0.16 ± 0.02 0.1323
Ni(001)19 0.1122
Rb(110)/ 0.296 90 29.7 2.1624 2-5 0.19 ± 0.06 0.1623
Ni(001)19 0.1522
Cs(110)/ 0.346 75 26.9 2.1424 1-4 0.22 ± 0.02 0.1523
Cu(111)19 1.8125 0.18 ± 0.02 0.1622
Pb(111)/ 1.31 100 29.2 4.126 3-9 1.18 1.12-1.6822,23
Cu(111)29 0.86 29.2 3-8 0.93 0.9513
0.97 42.3 3-7 0.90 0.7-1.0538
which yields a faster decrease of reflectivity. However, the reflectivity maxima for increasing
n measured on annealed samples (an example is shown in Fig. 3a)) turn out to be much
larger than but proportional to those for a continuous growth with no annealing, so that no
effect is expected on λHAS from Eq. (4). In conlcusion, the observed excess of λHAS in alkali
films with respect to bulk λ may be considered as a genuine surface enhancement, which
may however be corrected by substrate effects as is likely to occur in Pb films on Cu.
In this Letter we have shown that through the use of He atom scattering to monitor the
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temperature dependence of layer-by-layer growth, the electron-phonon coupling constant λ
can be obtained for systems of metal atomic layers grown on different close packed metal
substrates. The method is based on earlier work which showed that the Debye-Waller
exponent is directly proportional to λ for simple metal crystal surfaces, as exhibited in
Eq. (1). For the case of the multiple atomic monolayers examined here, namely layers of
alkali metals and Pb, it is shown that for small monolayer numbers (n ≤ nsat) the three-
dimensional density of electronic states at the Fermi surface which appears in Eq. (1) must
be replaced by the two-dimensional density of states contributed by all of the n ≤ nsat
layers. For monolayer thicknesses with n > nsat the 3D DOS is appropriate. The use of
the 2D density of states is supported, at least for alkali metals, by recent calculations of the
band structure for free-standing thin films of Cs, where it is found that each successive layer
independently contributes a quasi-free parabolic band, implying additivity of the DOS at the
Fermi level20. This property is empirically confirmed in the data which shows that for both
alkali metal and Pb overlayers with n ≤ nsat the slope of the logarithmic DW versus T plots
is linearly dependent on the ML number n. The values of λ obtained from the temperature
dependence of the DW factors, for both small ML values and for films sufficiently thick to
be considered as semi-infinite, compare favorably with known measured bulk values or with
previous calculated values.
The fact that the DW exponent is linear in temperature, as shown in Eq. (1), and also
linear in ML number for n ≤ nsat provides a second way of extracting values of λ. This
is through comparing ratios of intensities of a given diffraction peak (usually the specular),
measured at full monolayer coverage, but with two different ML numbers and at two different
temperatures. Compared to the method of extracting λ from the slopes of the temperature-
dependent Debye-Waller plots, this alternative method has the advantage that attenuation
of intensity due to static defects tends to cancel out. It also provides a large number
of different ML number combinations, each of which produces a value of λ, which gives
sufficient numbers for providing statistical standard deviations. For the Pb layer-by-layer
growth as well as for the alkali metals the alternative method produced values of λ that
were in reasonable agreement with the values obtained from the logarithmic Debye-Waller
plots, and which compared favorably with the known bulk values.
The reasonable agreement between the surface λ values obtained in this work compared
to the known bulk values indicates that He atom scattering can measure electron-phonon
16
interaction properties of surfaces, not only for the simple metals for which Eq. (1) was
originally derived, but also for more complicated systems such as the metallic layer-by-layer
growth systems examined here. In particular, the electron-phonon coupling strength can be
measured as a function of the thickness of the film.
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